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ABSTRACT: Bimetallic nanoalloys with a wide variety of
structures and compositions have been fabricated through
many diverse techniques. Generally, various steps and
chemicals are involved in their fabrication. In this study, the
synthesis of Ag−Bi nanoalloys by femtosecond laser
irradiation of an inorganic oxide Ag2WO4/NaBiO3 target
without any chemicals like reducing agents or solvent is
presented. The interaction between these materials and the
ultrashort pulse of light allows the migration of Ag and Bi
atoms from the crystal lattice to the particles surfaces and then to the plasma plume, where the reduction of the positively
charged Ag and Bi species in their respective metallic species takes place. Subsequently, the controlled nucleation and growth of
the Ag−Bi alloyed nanoparticles occurs in situ during the irradiation process in air. Although at the bulk level, these elements
are highly immiscible, it was experimentally demonstrated that at nanoscale, the Ag−Bi nanoalloy can assume a randomly mixed
structure with up to 6 ± 1 atom % of Bi solubilized into the face-centered cubic structure of Ag. Furthermore, the Ag−Bi binary
system possesses high antibacterial activity against Staphylococcus aureus (methicillin-resistant and methicilin-susceptible), which
is interesting for potential antimicrobial applications, consequently increasing their range of applicability. The present results
provide potential insights into the structures formed by the Ag−Bi systems at the nanoscale and reveal a new processing method
where complex inorganic oxides can be used as precursors for the controlled synthesis of alloyed bimetallic nanoparticles.
1. INTRODUCTION
Nanoalloys (NAs) composed of different metals are of broad
scientific interest mainly because they combine the properties
of single-metal nanoparticles (NPs) and generally present
unique properties not found in the NPs of the two metals
individually.1,2 NAs composed of Ag, Au, Bi, Co, Cu, Ni, Pd,
Pt, Sb, and other metals exhibit new functions because of the
synergistic rather than merely additive effects of the two
distinct metals, leading to markedly enhanced physical and
chemical properties. This fact enables their widespread
applications in various fields, such as catalysis, electronics,
photonics, and biomedicine.3−16 These technological applica-
tions are mainly dependent on the chemical composition,
morphology, and size of the NAs.2,17 Moreover, the properties
of bimetallic NAs also depend on their complex structures, in
which the atomic arrangements can be classified into four
mixing patterns: core−shell, multishell, and subcluster (“Janus”
particles) segregated patterns or a mixed structure (ordered or
a randomly mixed solid solution).18
Although the goal of obtaining bimetallic NAs is very
attractive, it has been proven to be difficult to achieve when
two immiscible metals are targeted. However, two elements
which do not have a significant miscibility gap in their phase
diagram at the bulk level can form alloys at the nanoscale.19−21
Ag−Bi NA is a clear example. The very low solubility between
Ag and Bi elements, with less than ∼3 atom % of Bi
solubilizing in Ag matrix (solid solution) and no detectable
solubility of Ag in Bi in the bulk scale,22,23 is due to their
different crystalline structures, i.e., face-centered cubic (fcc) for
Ag0 ( fm3m) and rhombohedral for Bi0 (R3m) at atmospheric
conditions.24 At the nanoscale, Ag−Bi alloyed NPs have been
stabilized with coexisting bulklike lattices of Ag0 and Bi0 in the
same particle (stack of nanodomains) or a segregated pattern,
depending on the synthesis conditions of the soft chemical
route (temperature < 200 °C).25−27 The Ag−Bi NA is an
emerging material that has attracted recent interest due to its
superior photocatalytic production of H2 via water splitting,
25
degradation of organic pollutants in wastewater,26 and
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decomposition of nitric oxide.27 However, at present, there are
only few published studies investigating other possible
structures which can be formed in the Ag−Bi system at the
nanoscale, such as pure solid solutions of Ag and Bi elements,
and the potential applications of the resulting NAs.
Due to the extensive proliferation of femtosecond (fs) laser
technology in recent years, the interaction of a molecular
system with intense laser light has allowed an increasing
number of researchers to investigate the appearance of unusual
phenomena, such as melting, ablation, and recrystallization,
leading to the stabilization of nonequilibrium or metastable
phases with unique compositions, structures, and proper-
ties.28−30 Irradiation of a mixture of single-element micro/
nanomaterials may lead to their alloying and the fabrication of
multielement structures, making this a top-down, efficient,
versatile, surfactant-free, and low-cost approach for obtaining
bimetallic NAs.31−35 Thus, fabrication of NAs by fs laser
irradiation can provide a green synthesis solution, in which no
organic solvents or chemical reducing agents are needed.36,37
However, to the best of our knowledge, there are no studies in
the literature reporting the fabrication of Ag−Bi NAs by fs
laser irradiation.
In this communication we seek to fulfill 2-fold objectives
(Figure 1). The first is to report the novel formation of a Ag−
Bi NA with nonconventional structure and composition
stabilized at the nanoscale with a random mixture of up to 6
± 1 atom % of Bi into the fcc structure of Ag via fs laser
irradiation of a Ag2WO4/NaBiO3 target. To support this
finding, a detailed analysis of images obtained by advanced
electron microscopy techniques, including field-emission
scanning electron microscopy (FE-SEM), transmission elec-
trons microscopy (TEM), high-resolution TEM (HR-TEM),
scanning TEM (STEM), and energy-dispersive X-ray spec-
troscopy (EDS), has been performed. The second aim is to
demonstrate that the as-synthesized Ag−Bi NA has an
excellent bactericidal activity and contribute to broadening
its possible applications.
2. RESULTS AND DISCUSSION
In the last few years, our research group has conducted several
studies focused on the growth of monometallic NPs on
surfaces of semiconductors for technological and biomedical
applications of the resultant composites.35,38−40 In this sense,
we demonstrated theoretically and experimentally that Ag-
based complex inorganic oxides are very suitable for the
controlled synthesis of Ag0 nanostructures with distinct sizes
and shapes by their interaction with an electron beam.35,39−45
Recently, we have reported how these structures can also be
used as substrate for Ag0 synthesis by fs laser irradiation, while
Bi-based oxides can be used for the formation of Bi0 NPs.35,46
For the present study, we selected a combined substrate
composed of Ag2WO4 microrods and NaBiO3 nanoflakes as
the sources of Ag0 and Bi0 nanoclusters, respectively. Hence,
we aim to associate the recent advances of our current research
works focused on the study of semiconductor (complex
inorganic oxide) interactions with electrons and photons to
demonstrate, for the first time, that a Ag−Bi NA can be
prepared by fs laser irradiation. For a detailed description of
the structural and morphological characteristics of the
materials used, refer to Section S1 of the Supporting
Information (SI).
The Ag2WO4 and NaBiO3 materials possess significant
lattice disorder, and by interacting with photons, the Ag and Bi
species migrate from the crystal lattice to the particles surfaces
and then to the plasma plume, where the reduction of the
positively charged Ag and Bi species in their respective metallic
species takes place. Since the reduction, nucleation, and growth
of the Ag0 and Bi0 metallic structures occur in a controlled
manner and in situ with the irradiation process in air, the
reaction kinetics are compatible with the experimental
conditions necessary for the formation of Ag−Bi NAs.
Hence, the samples were ablated in air and the Ag−Bi NAs
are expected to be formed in the plasma plume generated in
the laser−matter interaction. In this plume, electrons and ions
of the Ag and Bi coexist in extreme pressure and thermal
conditions, which favors the formation of the alloy. When the
Figure 1. Representation of the procedure employed to obtain Ag−Bi NAs by fs laser irradiation on a Ag2WO4/NaBiO3 target, where the
generation of the plasma plume takes place (left). Irregular spheres of Ag−Bi alloyed NPs are sensed (center), presenting a randomly mixed pattern
(solid solution) of Bi atoms in Ag structure. Ag−Bi NAs present high bactericidal activity against Staphylococcus aureus (methicillin-resistant and
methicillin-susceptible) (right). The digital micrographs illustrate, from left to right, the plasma plume generated, a single Ag−Bi alloyed NP, and
an agglomerate of S. aureus bacteria.
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plasma cools down and disappears, it releases the nanoparticles
in the air.
Figure 2a,b shows FE-SEM and TEM images, respectively,
of the Ag−Bi NPs obtained by fs laser irradiation. As can be
seen, spherical nanoparticles are present, which are typically
observed in nanomaterials obtained by laser treatment.31,34
These nanospheres have average sizes of 7, 25, and 110 nm, as
shown Figure 2b (inset). Their composition was qualitatively
studied by EDS mapping in the STEM imaging mode, and
Figure 2c shows a bright-field STEM image (BF-STEM) of the
analyzed region. The elemental distributions of Ag and Bi in
this specific region are shown in Figure 2d,e, respectively. By
overlaying these maps (Figure 2f), homogeneous Ag and Bi
distributions were observed throughout almost all of the
analyzed region, indicating the success of the synthesis
procedure in obtaining a mixed Ag−Bi pattern. The elemental
map also confirms that after fs laser irradiation, some spots in
the samples are richer in either Ag (yellow regions) or Bi (red
regions), as expected. This is because of the very limited
solubility of Ag in the Bi crystalline structure and vice versa.
Figure 3a shows an HR-TEM image of an isolated
monocrystalline particle of size 23 nm obtained by fs laser
irradiation. The distance between the crystallographic planes
present in this NP was measured, giving a value of 2.46 Å
(inset), which can be indexed to the interplanar distance of the
(111) family of planes in Ag0 with the typical fcc structure, in
agreement with the JCPDS database (PDF04-0783). An
important feature is the difference between this value and
the one obtained when measuring the crystallographic plane
spacing in the pure Ag0 sample prepared by fs irradiation of a
Ag2WO4 target (2.36 Å for the (111) plane, a difference of
about +4.2%, see Figure S3 in the SI), which agrees well with
the reference data for this plane in Ag0. This behavior is related
to an expansion of the fcc crystalline lattice of metallic Ag0 to
accommodate Bi-substituting Ag atoms in the form of a
randomly mixed pattern or solid solution (the atomic radii of
Ag and Bi are 144 and 182 pm, respectively).47 Moreover, the
measured interplanar spacing in the Ag−Bi sample is very
distinct from the values found for the orthorhombic crystalline
structure of pure Bi0 obtained by irradiating a NaBiO3 target
(see Figure S4 in the SI and the JCPDS database for this
structure (44-12460)). This finding reinforces the conclusion
that the Ag fcc structure was stabilized by the irradiation
process in the Ag−Bi sample with Bi atoms inserted into the
lattice in a doping level. To confirm the Ag−Bi NA formation,
an EDS study was performed. The local analysis in region 1
(dashed circle) is shown in Figure 3b and confirms the major
concentration of Ag element (94 ± 1 atom %), with the
presence of Bi element at a doping level (6 ± 1 atom %). This
result also indicates that Na or W has negligible concentration
Figure 2. General view of the Ag−Bi alloyed NPs produced by fs irradiation: (a) FE-SEM image and a digital image (inset) illustrating the
irradiation process of the Ag2WO4/NaBiO3 target (bottle bottom) and the generation of Ag−Bi NAs (reddish plasma plume), (b) TEM image with
an estimation of particle dimensions (inset), (c) BF-STEM image, (d) AgL EDS map, (e) BiL EDS map, and (f) AgL−BiL EDS map overlay
evidencing a mixed pattern of these elements.
Figure 3. TEM characterization of a single Ag−Bi alloyed NP of size
23 nm. (a) HR-TEM image, (b) local EDS analysis of region 1, and
(c) line EDS analysis of region 2.
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in NPs analyzed at the plasma plume. The EDS line analysis
(black dashed line 2) shown in Figure 3c demonstrates the
distribution of Ag and Bi elements along the NP (green dotted
line), indicating a homogeneous insertion of Bi atoms in the
Ag structure. The slightly higher concentration of Bi at the
surface of the NP (see the red line of BiL signal at Figure 3c) is
explained by the low miscibility between Bi and Ag. Therefore,
a very thin layer was formed, richer in Bi than the core of the
Ag−Bi NP.
Figure 4a displays an HR-TEM image of a representative
spot to gain a deeper insight into the Ag−Bi NAs formed by fs
irradiation. As the figure shows, a faceted well-crystallized
single particle of size 43 nm was detected. A qualitative
elemental distribution by EDS mapping was performed by
using the characteristic Lα lines of Ag and Bi. These results
demonstrated a distribution with a major concentration of Ag
element (yellow dots, Figure 4b) and also, to a lesser extent, Bi
element (red dots, Figure 4c). By overlaying these two
individual maps (Figure 4d), we concluded that the Bi element
is well distributed throughout the NA with a higher
concentration at the surface compared to the core. The line
EDS analysis (red dashed line 1) of the Ag Lα and Bi Lα
signals shown in Figure 4e also confirms the random mixture
of Bi and Ag in the NA (green dotted line). The local EDS
analysis in region 2, as illustrated in Figure 4f, indicates a
composition of 94 ± 1 atom % Ag and 6 ± 1 atom % Bi, which
is similar to the composition of NP shown in Figure 3. To get a
deeper understanding, a fast Fourier transform (FFT) of this
same region was realized (Figure 4g). In this image, the typical
pattern of a cubic structure along the [011] axis zone is
observed, which undoubtedly confirms the fcc structure of Ag.
The (200) and (111) planes of cubic Ag0 can be identified, in
agreement with the JCPDS database (PDF04-0783), where an
interplanar distance of 2.20 Å is present for the former and
2.46 Å for the latter family of planes. Again, these values are
evidence of an expansion in the structure provoked by the
inclusion of Bi into the lattice, which is reflected in the 7.8 and
4.2% expansions of the (200) and (111) planes (standard
values are 2.04 and 2.36 Å for (200) and (111), respectively).
In addition, a change in the angles between these planes was
detected, where a slight deviation of 1.8−3.0% is observed
from the ideal values. The EDS analysis in region 3 at the core
Figure 4. Insights into the formation of Ag−Bi NA. (a) HR-TEM images showing a monocrystalline Ag−Bi alloyed NP 43 nm in size, (b) AgL
EDS map, (c) BiL EDS map, and (d) AgL−BiL overlaid EDS maps, and (e) line EDS profile of region 1. (f, g) Local quantification by EDS analysis
and FFT of region 2 (NP border) and (h, i) local quantification by EDS analysis and HR-TEM images of region 3 (NP core).
Figure 5. CLSM images of methicillin-resistant (top) and methicillin-susceptible (bottom) S. aureus cells treated with (a, d) Bi NPs, (b, e) Ag NPs,
and (c, f) Ag−Bi NA.
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of the particle (Figure 4h) shows a slight decrease in the
elemental percentage of Bi (96 ± 1 and 4 ± 1 atom % for Ag
and Bi, respectively). Moreover, as shown in the HR-TEM
image shown in Figure 4i, the (111) interplanar distance has
increased (2.43 Å) compared to the reference value, but to a
lesser extent than the value obtained at the border of the Ag−
Bi NA. These behaviors are associated with the tendency of Bi
to be located more at the boundaries of the Ag−Bi NA.
The EDS analysis clearly shows the presence of Ag (94 ± 1
to 96 ± 1 atom %) and Bi (4 ± 1 to 6 ± 1 atom %) at levels
that indicate a higher miscibility of Bi in the Ag structure than
that expected for Ag−Bi systems.23 Moreover, despite the
drawbacks predicted by the Hume-Rothery rules,24 the present
results show that the high energy provided by fs laser
irradiation is able to stabilize an NA composed of Bi atoms
inserted into the cubic Ag structure.
In the present study, as a novel application of this NA, the
bactericidal activities of Bi and Ag NPs as well as the Ag−Bi
NA were analyzed. In previous works, Ag-rich alloyed NPs,
such as those containing Au, Cu, or Pt, demonstrated superior
bactericidal properties.48−50 Although recent studies have also
shown that Bi inhibits some parasitic and microbial
growth51−53 and that the addition of Bi could modify the
final properties of other alloys,54,55 to the best of our
knowledge, the bactericidal activity of Ag−Bi NAs has not
been studied yet.
A strong inhibition of methicillin-resistant and methicillin-
susceptible S. aureus bacteria (MRSA and MSSA, respectively)
has been observed for both Ag NPs and Ag−Bi alloyed NPs.
The minimum inhibitory concentration (MIC) found to be
effective against MRSA was the same for both Ag0 and Ag−Bi
systems (3.91 μg/mL). For the susceptible strain, Ag0 (1.95
μg/mL) was slightly more efficient than the Ag−Bi NA (3.91
μg/mL). Although Bi0 NPs showed no antibacterial activity
against any of the strains tested, when Bi atoms are associated
with Ag, an MIC similar to that of pure Ag NPs was found.
Moreover, the Ag−Bi system has a high antimicrobial
efficiency compared to other Ag-rich alloys acting against
similar microorganisms.56 Figure 5 shows the micrographs
acquired by confocal laser scanning microscopy (CLSM) of
living MSSA and MRSA cells treated with the fs laser-irradiated
materials. It is possible to observe large numbers of living cells
(green) when treated with Bi NPs (Figure 5a,d). On the other
hand, significant reductions in the number of live cells were
observed for both bacteria when treated with Ag NPs (Figure
5b,e) and Ag−Bi alloyed NPs (Figure 5c,f). Hence, Ag−Bi NA
possesses high antibacterial activity, but the solubilization of Bi
into the Ag structure did not cause significant differences in the
antibacterial activity against MRSA and MSSA compared to
pure Ag0, which supports the calculated MIC results. Ag NPs
are known for their high antibacterial activity, but at certain
concentrations, they are cytotoxic to human cells.57 In contrast,
Bi is biocompatible and presents great potential in biomedical
procedures, such as radiosensitizers in antitumor treatments.58
Thus, the high antibacterial activity of Ag−Bi NA demon-
strated in this work, combined with both the biological
properties of Bi and the new possible properties arising from
synergistic effects between Ag and Bi could be interesting for
future technological and biomedical approaches. Hence, the
results here have the potential to further increase the range of
applicability of Ag−Bi system alloyed at nanoscale.
In summary, bimetallic nanoalloys have abundant applica-
tions, but a thorough knowledge of the fundamentals of fs laser
interactions with the target material is necessary to control
their structure and properties. A new Ag−Bi NA with high
bactericidal activity was prepared by fs laser irradiation. TEM,
HR-TEM, STEM, and EDS analyses (local, line, and mapping)
demonstrated the insertion of Bi atoms into the fcc Ag
structure at concentrations of up to 6 ± 1 atom % at the
surface and 4 ± 1 atom % at the core of the alloyed NPs. The
results presented here expand the fundamental understanding
of the atomic processes, which underpin the mechanics of Ag−
Bi NA formation. Thus, the quantum phenomena associated
with the fs irradiation, at the nanoscale, are able to minimize
the difficulties involved in alloying metals that are very
immiscible at the bulk scale, such as Ag and Bi. It was found
that alloying Ag and Bi at the atomic level leads to a high
antibacterial activity against MSSA and MRSA cells (MIC =
3.91 μg/mL). More broadly, this research introduces a new
strategy for producing Ag−Bi NAs using complex inorganic
oxides as precursors as well as a new candidate in the pool of
binary nanoalloys formed from elements that are immiscible at
the bulk scale. It is anticipated that the obtained Ag−Bi NAs
will also find further applications as effective biomedical
devices and catalysts.
3. EXPERIMENTAL SECTION
3.1. Materials. Sodium tungstate dihydrate (Na2WO4·
2H2O, 99%, Sigma-Aldrich), silver nitrate (AgNO3, 99%,
Sigma-Aldrich), and sodium bismuthate (NaBiO3, 80%, Alfa-
Aesar) were used as starting precursors.
3.2. Synthesis of α-Ag2WO4 Microrods. α-Ag2WO4
powders were prepared in accordance with the procedure
described by Longo et al.39 Briefly, 1.0 mmol of Na2WO4·
2H2O and 2.0 mmol of AgNO3 were dissolved separately in 50
mL of deionized water. Then, both the solutions were heated
to 90 °C and kept under vigorous stirring. The AgNO3
solution was transferred into the other solution. Once the
solutions were well mixed, the gray suspension thus formed
was continuously stirred for 10 min at 90 °C. The obtained
crystals were allowed to precipitate at the bottom of the flask
by turning off the magnetic stirring and naturally cooled to
ambient temperature. The precipitate was separated by
centrifugation and then washed with deionized water and
acetone to remove any remaining impurities or reaction
byproducts. The crystals were dried in an oven at 60 °C for 12
h.
3.3. Preparation of α-Ag2WO4/NaBiO3. For the prep-
aration of the α-Ag2WO4/NaBiO3 precursor, the α-Ag2WO4
powders previously synthesized by chemical precipitation were
combined with a commercial NaBiO3 precursor by mechanical
grinding. In this procedure, the α-Ag2WO4 and NaBiO3
powders were homogeneously mixed in an agate mortar at a
molar ratio of 50:50 and ground for 15 min.
3.4. Synthesis of Ag−Bi Nanoalloys by Femtosecond
Laser Irradiation. α-Ag2WO4, NaBiO3, and Ag2WO4/
NaBiO3 powders were irradiated with a Ti:sapphire laser
(Femtopower Compact Pro, Femto Lasers) using 30 fs full
width at half-maximum (FWHM) pulses at a central
wavelength of 800 nm and a repetition rate of 1 kHz. A
laser beam with a mean power of 200 mW was focused onto
the surface of the target powder with a spherical convex lens of
75 mm focal length to obtain a focal spot with a diameter of
20.6 μm FWHM. The α-Ag2WO4, NaBiO3, and Ag2WO4/
NaBiO3 samples were placed at the bottom of a quartz cuvette
attached to a two-dimensional motion-controlled stage moving
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at a constant speed of 0.45 mm/s in the focus plane
perpendicular to the laser beam in a stairlike pattern. A
programmable acousto-optic filter (Fazzler, Faslite) was
utilized to obtain a more precise pulse compression at the
target substrate. The monometallic and bimetallic alloyed NPs
obtained in the plasma plume by irradiating the α-Ag2WO4,
NaBiO3, and α-Ag2WO4/NaBiO3 targets were recovered for
further morphological and structural characterization as well as
to probe their biological activities.
3.5. Characterization. The samples were structurally
characterized by X-ray diffraction in a Rigaku D/Max-
2500PC (Japan) diffractometer using Cu Kα radiation (λ =
0.15406 nm). Data were collected over 2θ ranging from 20 to
70°, and at a step scan rate and step size of 1°/min and 0.02°,
respectively. The morphological features were examined by
field-emission scanning electron microscopy (FE-SEM) with a
Carl Zeiss Supra 35-VP (Germany) microscope operated at 5
kV. Transmission electron microscopy (TEM), high-resolution
TEM (HR-TEM), energy-dispersive X-ray spectroscopy
(EDS) analysis as well as scanning transmission electron
microscopy (STEM) were performed with an FEI Tecnai F20
(The Netherlands) microscope operating at 200 kV. To
analyze the metallic species readily formed in the plasma plume
by electron microscopy, we recollected free-flying particles
using a TEM grid before the formation of deposits in the
bottom of the sample flask. This procedure avoids other
variables in NPs characterization by TEM, such as the
necessity of redispersion of NPs in a solvent to prepare the
samples for analyses. It is important to mention that more than
10 HR-TEM images and EDS analyses of different zones of
Ag−Bi NPs were realized during the EM characterization to
describe the Ag−Bi sample. Processing of the micrographs was
carried out using DigitalMicrograph (Gatan) software. The
dimensions of the nanoparticles were estimated using distinct
TEM images collected from the irradiated sample and analyzed
with ImageJ (NIH) software; the number of counts required
for statistical analysis was 150 nanoparticles.
3.6. Bactericidal Activity. The microdilution method for
planktonic cells was carried out to determine the minimum
inhibitory concentration (MIC) against bacterial strains,
according to Clinical Laboratory Standards Institute protocols
with modifications.59 For bactericidal probes, the Bi, Ag, and
Ag−Bi NPs generated in the plasma plume were analyzed by
recovering the particles allowed to settle down in the form of a
thin layer at the bottom of the samples flasks. The Bi, Ag, and
Ag−Bi samples were resuspended in a sterile tryptic soy broth
(TSB) culture medium at the required concentrations of
1000−0.49 μg/mL, using the serial 2-fold dilution method.
Standard strains of methicillin-resistant (MRSA) and methi-
cillin-susceptible (MSSA) S. aureus from the American Type
Culture Collection were used in this study. The micro-
organisms were stored at −80 °C in TSB with glycerol prior to
the experiments. Strains were plated on Mueller-Hinton agar
plates and incubated at 37 °C for 24 h. Then, MSSA and
MRSA cells were grown in TSB up to the mid-exponential
phase of growth. MICs were determined by incubating
microorganisms on a 96-well microtiter plate exposed to serial
dilution of the materials suspensions for 24 h at 37 °C. The
structural organization of the MSSA and MRSA culture cells
treated by the nanoalloys was analyzed by laser scanning
confocal microscopy. For this purpose, the bacteria cells were
labeled with SYTO9 and propidium iodide (kit Live/Dead
BacLight Molecular Probes Inc., Eugene, OR) after treatment
with the nanoalloys. The confocal imaging was performed
using a Carl Zeiss LSM 800 microscope.
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Laser-Induced Formation of Bismuth Nanoparticles. Phys. Chem.
Chem. Phys. 2018, 13693−13696.
(47) Wells, A. F. Structural Inorganic Chemistry; Clarendon Press:
Oxford, 1984.
(48) Hu, X.; Zhao, Y.; Hu, Z.; Saran, A.; Hou, S.; Wen, T.; Liu, W.;
Ji, Y.; Jiang, X.; Wu, X. Gold Nanorods core/AgPt Alloy Nanodots
Shell: A Novel Potent Antibacterial Nanostructure. Nano Res. 2013, 6,
822−835.
(49) Paszkiewicz, M.; Gołąbiewska, A.; Rajski, Ł.; Kowal, E.; Sajdak,
A.; Zaleska-Medynska, A. Synthesis and Characterization of
Monometallic (Ag, Cu) and Bimetallic Ag-Cu Particles for
Antibacterial and Antifungal Applications. J. Nanomater. 2016, 2016,
No. 2187940.
(50) Padmos, J. D.; Langman, M.; Macdonald, K.; Comeau, P.;
Yang, Z.; Filiaggi, M.; Zhang, P. Correlating the Atomic Structure of
Bimetallic Silver Gold Nanoparticles to Their Antibacterial and
Cytotoxic Activities. J. Phys. Chem. C 2015, 119, 7472−7482.
(51) Rodríguez-Luis, O. E.; Hernańdez-Delgadillo, R.; Pineda-
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Chellam, S.; Cabral-Romero, C. Antimicrobial and Antibiofilm
Activities of MTA Supplemented with Bismuth Lipophilic Nano-
particles. Dent. Mater. J. 2017, 36, 503−510.
(54) Gandhi, A. C.; Wu, S. Y. Routes to Probe Bismuth Induced
Strong-Coupling Superconductivity in Bimetallic BiIn Alloys. Sci. Rep.
2017, 7, No. 9442.
(55) Polak, M. P.; Scharoch, P.; Kudrawiec, R. First-Principles
Calculations of Bismuth Induced Changes in the Band Structure of
Dilute Ga-V-Bi and In-V-Bi Alloys: Chemical Trends versus
Experimental Data. Semicond. Sci. Technol. 2015, 30, No. 094001.
(56) Grade, S.; Eberhard, J.; Jakobi, J.; Winkel, A.; Stiesch, M.;
Barcikowski, S. Alloying Colloidal Silver Nanoparticles with Gold
Disproportionally Controls Antibacterial and Toxic Effects. Gold Bull.
2014, 47, 83−93.
(57) Franci, G.; Falanga, A.; Galdiero, S.; Palomba, L.; Rai, M.;
Morelli, G.; Galdiero, M. Silver Nanoparticles as Potential
Antibacterial Agents. Molecules 2015, 20, 8856−8874.
(58) Deng, J.; Xu, S.; Hu, W.; Xun, X.; Zheng, L.; Su, M. Tumor
Targeted, Stealthy and Degradable Bismuth Nanoparticles for
Enhanced X-Ray Radiation Therapy of Breast Cancer. Biomaterials
2018, 154, 24−33.
(59) Clinical and Laboratory Standards Institute (CLSI). M27−A:




ACS Omega 2018, 3, 9880−9887
9887
